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012.11.0Abstract Numerous researches were performed on latex modiﬁed concretes and associated prop-
erties, however; some vital factors were not given attention in previous works. This study focus on
new factor which signiﬁcantly affects the properties of latex modiﬁed cement paste, mortar or con-
crete. This factor is termed as ‘latex solid/water ratio’ which is deﬁned herein as the ratio of weight
of solid latex to weight of total water content of cement composite including the water in latex itself.
The effect of this factor on some properties of cement paste, mortar and concrete were experimen-
tally evaluated. Properties of cement paste include the produced calcium hydroxide and ettringite
content during hydration process, while those of cement mortar take account of absorption and
effect of temperature on compressive strength. Furthermore, the effect of this factor on the com-
pressive and ﬂexural strengths, modulus of elasticity, water penetration depth and drying shrinkage
of concrete were explored. Based on experimental evidences, and spite of using different cement
contents, sources of latex, water–cement ratios and slump values, it can be generally concluded that
the latex solid/water ratio is a dominant factor affecting different properties of latex modiﬁed mor-
tars and concrete.
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021. Introduction
Even concrete is widely used, there are still some setbacks. Some
concretes have a low tensile strength, low ductility, high poros-
ity, and low resistance to chemical attacks [1]. At that point a
polymer-based (or polymeric) admixture came into picture. In
fact, it is called as cement modiﬁer, and is deﬁned as an admix-
ture which consists of a polymeric compound as a main ingredi-
ent effective at modifying or improving concrete properties such
as strength, deformability, adhesion, waterproof and durability
of cement mortar and concrete [2,3]. Such a polymericion and hosting by Elsevier B.V. All rights reserved.
Table 1 Concrete mixes and hardened concrete properties.
Mix
no.
Cement
(kg)
w/c Latex
source
Latex dose
(%)
Compressive strength
(MPa)
Flexural strength (MPa) Pull out bond strength
(MPa)
Modulus of elasticity
(GPa)
28 Days 90 Days 28 Days 90 Days 28 Days 90 Days 28 Days 90 Days
1 350 0.400 – 0.00 54.43 56.68 4.79 6.42 – – 32.82 37.92
2 350 0.400 SBR-1 10.0 21.41 31.4 4.49 7.14 – – 20.39 31.19
3 350 0.400 SBR-1 20.0 43.83 54.94 6.42 9.68 – – 23.96 28.95
4 350 0.450 – 0.00 46.79 48.32 7.10 6.22 – – 30.07 33.64
5 350 0.450 SBR-1 10.0 41.28 47.81 6.01 7.75 – – 28.03 28.95
6 350 0.450 SBR-1 20.0 41.69 50.36 6.63 8.97 – – 23.45 26.3
7 350 0.475 – 0.00 45.87 49.13 4.18 5.81 – – 28.34 33.13
8 350 0.475 SBR-1 10.0 46.99 51.78 6.32 8.36 – – 27.01 28.03
9 350 0.475 SBR-1 20.0 31.09 39.55 6.93 8.66 – – 23.85 27.01
10 350 0.530 SBR-1 10.0 41.18 45.87 5.3 7.44 – – 25.99 28.34
11 350 0.657 – 0.00 31.6 36.90 3.87 6.32 – – 22.43 29.15
12 350 0.700 – 0.00 25.89 29.56 3.57 5.81 – – 21.10 21.51
13 350 0.760 – 0.00 22.53 28.03 3.36 3.41 – – 18.55 20.69
14 450 0.350 – 0.00 60.24 65.10 7.95 7.51 8.9 9.3 35.27 42.20
15 450 0.350 SBR-1 10.0 63.4 66.20 7.03 8.75 9.4 10.2 34.56 34.82
16 450 0.350 SBR-1 20.0 59.73 65.10 7.65 9.89 8.8 9.9 28.13 28.93
17 450 0.375 – 0.00 54.43 65.00 7.44 6.89 8.6 9.2 30.89 31.24
18 450 0.375 SBR-1 10.0 60.04 62.70 6.73 8.77 9.5 10.0 28.24 28.50
19 450 0.375 SBR-1 20.0 62.69 66.50 7.44 10.12 10.1 10.5 30.58 30.87
20 450 0.400 – 0.00 53.01 59.80 6.73 5.94 8.1 9.0 30.78 31.32
21 450 0.400 SBR-1 10.0 55.56 56.30 8.26 9.68 9.0 9.6 29.36 31.40
22 450 0.400 SBR-1 20.0 64.73 67.70 8.97 10.60 9.5 10.6 26.50 27.79
23 450 0.420 – 0.00 53.01 60.96 6.20 6.99 8.1 9.0 30.78 31.10
24 450 0.420 SBR-1 10.0 56.17 58.72 6.12 7.34 8.3 9.2 27.42 28.42
25 450 0.430 – 0.00 46.18 50.25 4.79 6.30 8.5 9.0 28.24 28.70
26 450 0.480 – 0.00 44.04 49.44 4.18 5.62 8.0 8.8 30.48 31.80
27 500 0.275 – 0.00 67.69 71.66 6.73 8.05 – – 34.05 40.77
28 500 0.275 SBR-1 10.0 69.22 72.48 8.77 10.09 – – 33.23 36.09
29 500 0.275 SBR-1 20.0 64.93 71.56 9.07 11.11 – – 27.93 29.56
30 500 0.300 – 0.00 64.53 70.13 6.22 7.75 – – 33.54 38.53
31 500 0.300 SBR-1 10.0 64.22 69.83 7.24 9.89 – – 31.80 37.10
32 500 0.300 SBR-1 20.0 53.01 62.79 8.66 10.60 – – 27.52 28.13
33 500 0.325 – 0.00 49.75 58.10 4.89 6.73 – – 33.03 34.66
34 500 0.325 SBR-1 10.0 63.2 67.79 6.42 9.68 – – 30.78 32.93
35 500 0.325 SBR-1 20.0 50.56 59.53 7.85 11.09 – – 27.01 27.62
36 500 0.350 SBR-1 10.0 62.18 65.24 7.03 8.15 – – 30.48 30.73
37 500 0.400 – 0.00 49.75 52.60 5.50 7.34 – – 28.64 29.40
38 500 0.420 – 0.00 46.89 51.99 5.10 6.63 – – 29.05 29.44
39 500 0.460 – 0.00 45.36 51.07 4.59 5.91 – – 27.52 28.24
40 450 0.350 SBR-2 10.0 54.03 55.66 6.01 8.26 9.8 10.1 26.91 34.25
41 450 0.350 SBR-2 20.0 53.31 55.45 6.22 9.17 8.0 9.7 30.58 30.70
42 450 0.375 SBR-2 10.0 53.41 55.15 7.95 7.65 6.6 9.5 29.46 29.56
43 450 0.375 SBR-2 20.0 47.71 52.60 7.44 7.85 6.9 10.2 28.03 30.38
44 450 0.400 SBR-2 10.0 42.3 55.25 7.14 9.48 9.4 10.1 31.09 31.12
45 450 0.400 SBR-2 20.0 46.48 49.64 7.14 8.56 8.2 10.4 32.00 32.45
46 450 0.420 SBR-2 10.0 41.18 50.36 5.1 7.24 8.0 10.3 34.00 34.90
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Experimental investigation of the effect of latex solid/water ratio on latex modiﬁed co-matrix mechanical properties 85compound is a polymer latex, re-dispersible polymer powder,
water-soluble polymer or liquid polymer. The cement mortar
and concrete which are made by mixing with the polymer-based
admixtures are called polymer-modiﬁed mortar (PMM) and
concrete (PMC) [4]. From general prospective, the properties
of polymer-modiﬁed mortar and concrete depend signiﬁcantly
on the polymer content rather than the water–cement ratio as
compared with ordinary cement mortars and concretes [5].
Adding aqueous polymer emulsions or re-dispersible poly-
mer powders in the fresh concrete mix makes polymer modiﬁca-
tion of concrete. The polymer emulsion is stabilized by
surfactants, and each polymer has its own ﬁlm forming
properties within the applicable temperature range and the
physicochemical conditions during hardening and curing. The
surfactants and the low ﬁlm forming ability of most emulsions
are generally hindering the building of highly performing and
durable microstructures in the PCC. The process allows build-
ing up of composite polymer cement microstructures on a
nano-scale, which can avoid the negative inﬂuences of the poly-
mer admixtures cement interactions on the shape and distribu-
tion of the cement hydrate crystals, and on the transition
zones between cementitious binder matrix and aggregates [6].
Polymer latexes are known to affect the physical, mechan-
ical and durability properties of Portland cement paste, mortar
and concrete. The magnitude of this effect is dependent on the
type of latex and the latex concentration in the mixture [7,8].
Also, the incorporation of styrene butadiene rubber latex im-
proved the chloride penetration resistance of the mortar and
reduced the general ionic permeability of the mortar [9]. La-
texes have been employed to dramatically increase on the ten-
sile and ﬂexural strength [10]. Latex has the superiority of the
others ordinary admixtures by its double effect on the modify-
ing of the characteristics of concrete. Similar with the ordinary
admixtures, the ﬁrst effect is the high reducing on concrete
water content due to the presence of high range super plasti-
cizer agent on latex constituents [5]. Latexes unique with the
second effect on modifying mortar and concrete, latex rein-
forces the cement mixture by the formation of latex network
and membranes on the cement mixture capillary paths [2,12].
This investigation aims to study the effect of solid/water ra-
tio of styrene butadiene rubber (SBR) (weight of latex solid/
weight of total water of concrete including the water of latex
itself) on the properties of latex cement co-matrix.
2. Experimental program
Styrene butadiene rubber (SBR) latex was incorporated in con-
crete, cement paste and mortar mixes. Coarse aggregate with
9.53 mm nominal maximum size was used. The coarse aggre-
gates-sand ratio was kept constant at 1.5–1.0 by weight. Ce-
ment Type I according to ASTM C150 [13] with contents of
350, 450 and 500 kg/m3 were considered in this study. The
water cement ratio (w/c) were 0.40, 0.45, and 0.475 for cement
content of 350 kg/m3, while w/c were 0.35, 0.375, and 0.40 for
cement content 450 kg/m3. Lower w/c (0.275, 0.30, and 0.325)
were associated with higher cement content (500 kg/m3). Also,
other w/c was used in this study as shown in Table 1. The used
concentration of latex ranged from 0.0% to 35.0% by weight
of total water content. Two different styrene butadiene latex
(SBR-1 and SBR-2) produced from two sources were used.
All concrete specimens were cured in water for 5 days then leftin air until testing date (dry curing method). Table 1 shows the
different concrete mixes with and without latex that are con-
sidered throughout the program.
For the used mortar mixtures, the ratio between cement
and sand was kept constant at 1.0–2.7 by weight. The used
concentration of latex ranged from 0.0% to 44.0% by weight
of total water content. Mortar specimens were subjected to
dry and wet curing methods. In wet curing, the specimens were
immersed in water after 48 h of casting until testing date. The
dried mortar specimens were exposed to four different ambient
temperatures where after 48 h of casting, the specimens were
immersed in water for 5 days then they were left in air for an-
other 21 days. The specimens were then heated in an oven at
60, 105, and 220 C for another 62 days until testing. It should
be noted that the oven works 12 h daily throughout the curing
period.
For the used cement paste, the effect of latex addition on
cement hydration degree, ettringite, calcium hydroxide content
and the water absorption was studied. The water cement ratio
was kept constant as 0.35. The used latex concentration ranged
from 0.0% to 50.0% by weight of total water content. All ce-
ment paste specimens were cured by dry and wet curing
methods.
Slump test was performed for all concrete mixes. Compres-
sive strength test was carried out on150 mm-concrete cubes
and mortar cubes with area of 50 cm2 at the age of 28 days
according to BS EN 12390 [14] and BS EN 196 [15].Three
point loading test was considered to determine the 28-day ﬂex-
ural strength of concrete using prisms of 100 · 100 · 500 mm
with considered span of 90 mm according to ASTM C 293 [16].
Concrete modulus of elasticity was also measured at the age
of 28 days using 150 · 300 mm-cylinders in accordance with
ASTM C469 [17]. Furthermore, the pull out bond strength
at the age of 28 days was evaluated using a steel bar of
16 mm diameter embedded with length of 200 mm at the mid
of a 150 · 300 mm-concrete cylinder according to ASTM
C234 [18].Water permeability test was also carried out using
150 mm-cubes at the age of 90 days to determine the water
penetration depth. During the permeability test, the specimens
were exposed to water pressure of 5 bars for 48 h [19]. On the
other hand, shrinkage specimens after demolding were stored
in dry condition and tested according to ASTM C490
[20,21]. Furthermore, the degree of hydration of cement mod-
iﬁed paste was measured by thermo-gravimetric analysis test,
while the ettringite and calcium hydroxide content was mea-
sured by X-ray diffraction test.
3. Results and discussion of cement paste
3.1. Cement hydration process
Table 2 presents the degree of cement hydration obtained from
thermo-gravimetric analysis test (TGA) for cement pastes with
0%, 2%, 5%, 8%, 10%, 15%, 20%, 30%, 40%, and 50% SBR
solid/water ratio at the ages of 7 and 28 days and subjected to
dry and wet curing methods.
Fig. 1 shows the effect of SBR solid/water ratio on the
28 day-hydration degree for cement paste subjected to dry
and wet curing conditions with water cement ratio of 0.35. It
is evident from the ﬁgure that, generally, the degree of hydra-
tion considerably decreases as the SBR solid/water ratio
Figure 1 Correlation between 28-day degree of cement hydration of cement pastes and SBR solid/water ratio at water/cement ratio of
0.35.
Table 2 Degree of cement hydration for different cement pastes.
Mix
no.
SBR solid/
water ratio
Degree of hydration (%) Mix
no.
SBR solid/
water ratio
Degree of hydration (%)
7 Days 28 Days 7 Days 28 Days
Dry
curing
Dry
curing
Wet
curing
Dry
curing
Dry
curing
Wet
curing
1 0.0 65.0 68.7 74.9 6 0.15 60.1 62.7 64.5
2 0.02 64.2 66.9 70.2 7 0.20 56.4 62.1 64.1
3 0.05 63.4 65.7 66.8 8 0.30 52.3 61.6 64.0
4 0.08 62.5 64.5 65.4 9 0.40 46.5 61.0 63.9
5 0.10 61.7 63.2 64.7 10 0.50 43.5 60.5 63.1
86 A.M. Diab et al.increases up to 0.2 under dry curing conditions, while the de-
gree of cement hydration decreases slightly as SBR solid/water
ratio increases more than 0.20. For wet curing, the degree of
hydration considerably decreases as the SBR solid/water ratio
increases but up to 0.1only while at SBR solid/water ratio
higher than 0.10 the effect seems to be insigniﬁcant. As an
example, the 28-day degree of cement hydration under dry cur-
ing conditions decreased by 10.0% as SBR solid/water ratio in-
creased from 0.00 to 0.20, while the hydration degree
decreased by only 3.5% as SBR solid/water ratio increased
from 0.10 to 0.50.
From general prospective, the degree of cement hydration
of both conventional cement paste and modiﬁed cement paste
improves under wet curing conditions. For example, the degree
of cement hydration for unmodiﬁed cement paste increases byTable 3 Ettringite content for different cement pastes.
Mix
no.
SBR solid/
water ratio
Relative ettringite content
7 Days 28 Days
Dry
curing
Dry
curing
Wet
curing
1 0.0 1.00 1.31 1.54
2 0.02 1.51 1.71 1.83
3 0.05 2.03 2.20 2.25
4 0.08 2.50 2.67 2.72
5 0.10 3.06 3.18 3.3310% at wet curing. Wet curing enhances cement paste to in-
crease its cement hydration degree after latex hydrolysis phe-
nomenon that happens to latex ﬁlm after immersing under
water for 28 days; however the increase of cement hydration
degree is slightly because of the presence of the high amount
of impermeable ettringite layers. For example, for cement
pastes under wet curing conditions, the degree of cement
hydration for modiﬁed cement paste increases by 3%, 4%,
and 5% more than that of dry curing cement paste with 5%,
20%, and 40% SBR solid/water ratio, respectively.
3.2. Ettringite content
Table 3 presents the relative ettringite content results obtained
from X-ray diffraction tests for cement paste with 0%, 2%,Mix
no.
SBR solid/
water ratio
Relative ettringite content
7 Days 28 Days
Dry
curing
Dry
curing
Wet
curing
6 0.15 3.38 3.41 3.93
7 0.20 3.48 3.68 4.36
8 0.30 3.75 4.20 5.27
9 0.40 4.06 4.77 5.98
10 0.50 4.29 5.62 6.49
Experimental investigation of the effect of latex solid/water ratio on latex modiﬁed co-matrix mechanical properties 875%, 8%, 10%, 15%, 20%, 30%, 40%, and 50% SBR solid/
water ratio at the ages of 7 28 days subjected to dry and wet
curing conditions. Relative ettringite content means the ratio
of ettringite content of any mix at any age with respect to that
for control mix at the age of 7 days. The XRD curves for ce-
ment paste with 0.0%, 10.0%, and 40.0% SBR solid ratio at
28 days are illustrated in Figs. 2–4. The remaining results
may be seen elsewhere [22].
Fig. 5 shows the relative ettringite content at 28 days for ce-
ment paste cured with dry and wet method containing SBR-1
with different doses at water cement ratio of 0.35. The wet curing
type increases the ettringite content of both conventional cement     256 
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Figure 2 XRD test results of cement paste with 0% SBR solid/w
     256 
 196 
144
100 
  64 
36
  16 
   4 
   0 
Co
un
ts 
   10    20 
Figure 3 XRD test results of cement paste with 10% SBR solid/
 196 
144
100 
  64 
36
  16 
   4 
   0 
Co
un
ts 
   10    20 
Figure 4 XRD test results of cement paste with 40% SBR solid/paste and modiﬁed cement paste because the wet curing breaks
the ettringite impermeable shell. For example, the ettringite con-
tent for unmodiﬁed cement paste increases by 16%atwet curing,
while for modiﬁed cement paste the ettringite content increases
by 7%, 20%, and 22% more than that of dry cement paste with
5%, 20%, and 40% SBR solid/water ratio, respectively.
For wet and dry curing method, SBR solid/water ratio is a
very signiﬁcant factor affecting the ettringite content of modi-
ﬁed cement paste. As an example, the development of ettringite
content due to water immersion for 28 days increases by
94.0% and 165.0% as SBR solid/water ratio increases from
5% to 20%, and 40% respectively.30    40    [2θ] 
ater ratio under dry curing conditions at the age of 28 days.
30    40    [2θ] 
water ratio under dry curing conditions at the age of 28 days.
30    40    [2θ] 
water ratio under dry curing conditions at the age of 28 days.
Figure 5 Relative ettringite content at 28 days for cement paste cured under dry and wet conditions containing 0.35 of water cement
ratio.
Figure 6 Correlation between calcium hydroxide content and SBR solid/water ratio for cement paste containing 0.35 of water cement
ratio at 28 days.
Figure 7 Relative calcium hydroxide content and solid/water ratio relation for experimental work and the references results.
88 A.M. Diab et al.3.3. Calcium hydroxide content
Fig. 6 shows calcium hydroxide content at 28 days for wet ce-
ment paste containing SBR-1 with different doses and watercement ratio of 0.35. The results shown in this ﬁgure are in
good agreement with the ﬁnding mentioned earlier for degree
of hydration. The wet curing type increases the calcium
hydroxide content of both conventional cement paste and
Figure 8 Correlation between 28-day water absorption percentage and SBR solid/water ratio for cement paste with water cement ratio
of 0.35.
Experimental investigation of the effect of latex solid/water ratio on latex modiﬁed co-matrix mechanical properties 89modiﬁed cement paste because the wet curing increases the de-
gree of cement hydration. For example, the calcium hydroxide
content for unmodiﬁed cement paste increases by 5% at wet
curing. Also, at wet curing method, the calcium hydroxide con-
tent increases by 11%, 20%, and 23% for modiﬁed cement
paste with 5%, 20%, and 40% SBR solid/water ratio,
respectively.
At wet curing method, SBR solid/water ratio is a very sig-
niﬁcant factor affecting calcium hydroxide content. Wang pro-
duced very similar results to this research results as shown in
Fig. 7 [23,24].Figure 9 Effect of SBR latex dose and ambient temperature
Figure 10 Effect of slump and SBR dose on cube compressive streng
content.3.4. Absorption
Fig. 8 shows the effect of SBR solid/water ratio on 28-day water
absorption percentage for cement paste with water cement ratio
of 0.35. The ﬁgure clearly demonstrates that the water absorp-
tion decreases as SBR solid/water ratio increases. This behavior
of paste may be attributed to pore sealing phenomenon. Latex
coalesces in pores of paste, after the withdrawal of water by
hydration of cement, sealed this pores preventing paste to ab-
sorb high amount of water. For example, cement paste wateron 90-day cube compressive strength of modiﬁed mortar.
th at different ages for concrete with SBR-1 and 450 kg/m3 cement
90 A.M. Diab et al.absorption percentage decreases by 75% as SBR solid/water
ratio increases from 0.00 to 0.40. This ﬁnding explores a major
beneﬁcial effect of incorporating SBR latex in cement paste.
4. Results and discussion of cement mortar
4.1. Effect of ambient temperature on compressive strength
Fig. 9 shows the relation between the 90-day cube compressive
strength and ambient temperature for specimens left for
28 days under ambient temperature that was about 25 C. It
can be noticed that the increasing ambient temperature has a
signiﬁcant inﬂuence on the cube compressive strength of SBR
modiﬁed mortar. Generally, when the ambient temperature in-
creases the cube compressive strength of SBR modiﬁed mortar
decreases. However, the compressive strength of SBR modiﬁed
mortar is higher than that of unmodiﬁed mortar at different
studied temperatures. The degree of strength improvement de-
pends on the water retention property of the modiﬁed mortar.
The normal ambient temperature of 25 C gives the highest
values of cube compressive strength of SBR modiﬁed mortar.
For example, the cube compressive strength of mortar at 25 C
with 10% and 20% of SBR-1 latex improves by 68%, 72% as
compared with unmodiﬁed mortar, while the increase in cubeFigure 11 Overall relation between 28 days cube compressive streng
different cement contents.
Figure 12 Relative compressive strength and solid/water ratiocompressive of mortar with 10%, 20% of SBR-1 latex at ambi-
ent 60 C is 32%, and 23%, respectively.
5. Results and discussion of concrete
5.1. Strength
Table 1 show the test results of compressive strength, ﬂexural
strength, pull out bond strength and modulus of elasticity for
control mixes and concrete with different doses of styrene
butadiene rubber latex (SBR-1 and SBR-2). It is evident from
Fig. 10 that the use of 10% or 20% SBR increases the cube
compressive strength of concrete compared with that of
unmodiﬁed concrete at different ages providing comparable
slump. As an example, at cement content of 450 kg/m3, the
use of 10% SBR-1 increases the 28 days cube compressive
strength by 13.2%, 20.3%, and 27.5% while the increase for
20% SBR-1 is 16.7, 35.8 and 47.0 at slump values of 2, 8,
and 20 cm, respectively. Ohama [26] showed that the improve-
ment in cube compressive strength due to the use of 10% and
20% SBR latex is 9.0% and 19.0% at the same slump, while
ACI 548.3 committee recommended an improvement of 7%
and 15% due to the addition of 10% and 20% SBR latex
respectively [4,25].th of concrete and SBR solid/water ratio for different sources and
relation for experimental work and other references results.
Figure 13 Effect of slump and latex dose on ﬂexural strength at different ages for concrete with SBR-1 and 450 kg/m3 cement content.
Figure 14 Overall relation between 28-day ﬂexural strength of concrete and SBR solid/water ratio for different sources and different
cement contents.
Figure 15 Relative ﬂexural strength and latex solid/water ratio relation for experimental work and other references results.
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sive strength and SBR solid/water ratio at different cement
contents and different SBR doses. The ﬁgure implies that
the cube compressive strength increases as SBR solid/water
ratio increases to a ratio of 0.25. At SBR concentration
more than 0.25, cube compressive strength of modiﬁed con-
crete decreases as the concentration increases. As an exam-
ple, cube compressive strength increased by 32% as latex
concentration increased from 0.10 to 0.25 and decreased
by 18% as latex concentration increased from 0.25 to 0.30.
Based on this and earlier ﬁndings, it seems to be very rea-
sonable to propose an optimum SBR solid/water ratio of0.20 for cement paste, mortar and concrete under wet and
dry conditions.
Fig. 12 shows a comparison between this study of compres-
sive strength results and other experimental results in different
references. Ohama [2] presented a similar trend curve for latex
modiﬁed mortar compressive strength and latex solid/water ra-
tio relation. Controversy, ACI 548.3 presented different results
for compressive strength and latex solid/water ratio relation.
ACI 548.3 reported that polymer modiﬁed concrete has lower
compressive strength than that of unmodiﬁed concretes with
similar cement, aggregate, and water contents [12], while
according to Ohama, the compressive strength of latex modi-
Figure 16 Effect of slump and latex dose on steel pull-out bond strength at different ages for concrete with SBR-1 and cement content of
450 kg/m3.
Figure 17 Effect of SBR solid/water ratio on28-day bond strength of concrete for different sources and cement content of 450 kg/m3.
92 A.M. Diab et al.ﬁed mortar with different SBR solid/water ratios are higher
than those of unmodiﬁed mortar [26].
As shown in Fig. 13 at the same slump, generally the use of
10.0% or 20.0% latex increases the ﬂexural strength of con-
crete compared with that of unmodiﬁed concrete at different
ages. An example, at cement content of 450 kg/m3, the use of
10% SBR-1 increases the 28-day ﬂexural strength by 8.5%,
40.5%, and 46.4% while the increase for 20% SBR-1 is 23.4,
55.3 and 114.6 at slump values of 2, 8, and 20 cm, respectively.
An improvement percentage in ﬂexural strength due to the use
of 10% and 20% SBR latex was 29.0% and 78.0% according
to Ohama’s results at the same slump, while ACI 548.3 com-
mittee recommended an improvement of 20% and 65% due
to the addition of 10% and 20% SBR latex [2,12].Figure 18 Effect of slump and latex dose on modulus of elasticity
450 kg/m3.The overall effect of SBR solid/water ratio on the 28-day
ﬂexural strength for all studied concretes is in Fig. 14. The ﬁg-
ure clearly demonstrates that the concrete ﬂexural strength in-
creases as the subject ratio increases. As an example, ﬂexural
strength increases by 33% as SBR concentration increases
from 0.10 to 0.25. However, it is noticeable that beyond a ratio
of 0.2, the improvement in ﬂexural strength is slightly. Again,
it seems very realistic to recommend a SBR solid/water ratio of
0.20. This result conﬁrms the ﬁnding mentioned earlier.
For comparative purpose, the data obtained throughout
this research is plotted in Fig. 15. with results previously pub-
lished [5,26]. It is obvious from the curve that the results are in
good agreement with Ohama [26] while Schulze presented a
high development in ﬂexural strength of concrete as the latexat different ages for concrete with SBR-1 and cement content of
Figure 19 Effect of SBR solid/water ratio on 28-day modulus of elasticity of concrete for different sources and different cement contents.
Figure 20 Effect of slump and latex dose on ultimate deﬂection at different ages for concrete with SBR-1 and 450 kg/m3 cement content.
Figure 21 Effect of latex type and latex dose on water penetration depth at different slump values for concrete with 450 kg/m3 cement
content.
Figure 22 Correlation between 90-day water penetration depth of concrete and SBR solid/water for different sources and different
cement contents.
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Figure 23 Overall relation between drying shrinkage strain of concrete at 520 days and SBR solid/water ratio for different sources and
different cement contents.
94 A.M. Diab et al.solid/water ratio increases. This high development may tend to
the quality of used SBR latex.
As shown in Fig. 16, the use of 10% or 20% latex increases
the pull-out bond strength compared with that of unmodiﬁed
concrete providing comparable slump. As an example, at ce-
ment content of 450 kg/m3, the use of 10% SBR-1 increases
the 28-day pull-out bond strength by 18%, 7%, and 5% while
the increase associated with using 20% SBR-1 is 10, 20 and 20
at slump values of 2, 8, and 20 cm, respectively. The relation
between 28-day bond strength and SBR-1 solid/water ratio
at different SBR doses is given in Fig. 17. It can be noticed
from general prospective, the ﬁgure clearly implies that the
bond strength increases considerably as SBR solid/water ratio
increases. As an example, bond strength increases by 35% as
SBR concentration increases from 0.05 to 0.25. It seems that
the SBR solid ratio is a dominant factor affecting the modiﬁed
co-matrix properties.
In general, latex modiﬁed mortar and concrete show a
noticeable increase in the compressive, ﬂexural, and bond
strengths as compared with those of unmodiﬁed mortar and
concrete [2]. This is interpreted in terms of the contribution ra-
tios of high tensile and adhesion strength by the latex network
itself and an overall improvement in cement matrix properties.
The addition of latex had a double effect on the co-matrix
strength. The ﬁrst effect is the presence of latex membranes
in co-matrix to increase its general performance [5]. The sec-
ond effect of latex addition is the reducing of water content
to get the same workability. This effect is due to the presence
of the superplasticizer agents on latex surfactants.
5.2. Modulus of elasticity
As shown in Fig. 18, at comparable slump and cement content,
the use of 10% or 20.0% latex decreases the modulus of elas-
ticity as compared with unmodiﬁed concrete. As an example,
at cement content of 450 kg/m3, the use of 10% SBR-1de-
creases the 28-day modulus of elasticity by 8.3, and 10.0%
while the decrease for 20% SBR-1is 8.6, and 13.1% at slump
values of 2 and 20 cm, respectively.
This negative effect of incorporating SBR on the concrete
elastic modulus may also be seen in Fig. 19. This ﬁgure shows
the relation between 28-day modulus of elasticity and SBR so-lid/water ratio for concrete with different cement contents and
different SBR doses. It can be noticed, that generally the mod-
ulus of elasticity decreases as SBR solid/water ratio increases.
As an example, modulus of elasticity decreases by 20% as SBR
solid/water ratio increases from 0.05 to 0.30.
Fig. 20 shows the ultimate ﬂexural deﬂection at different
ages for concrete with SBR-1 and 450 kg/m3 cement content.
As shown in this ﬁgure, at the same slump, the use of 10%
or 20% latex increases the ultimate deﬂection compared with
that of unmodiﬁed concrete. In general, latex modiﬁed mortar
and concrete show a noticeable increase in ductility [27]. Con-
sequently, their deformation behavior and ductility can differ
to a great extent from those of unmodiﬁed mortar and con-
crete. This improvement magnitude depends on latex chemical
base and latex solid/water ratio, because the latex network acts
as an assistant factor to the cement matrix. Ohama described
this phenomenon as; the addition of high molecular-weight
polymer to a hard composite material (concrete) should im-
prove the elongation and elasticity. In this case, the latex ce-
ment co-matrix has higher elongation and elasticity than
those of unmodiﬁed mortar and concrete [2]. This is also
attributed to the reduction in concrete elastic modulus dis-
cussed earlier.
The increase of latex concentration has a great effect on the
co-matrix elasticity. The presence of latex membranes with
higher tensile strength may effectively prevent the propagating
of micro cracks. This polymeric effect acts as reinforcing net-
work to increase the co-matrix strain. Therefore, the modulus
of elasticity generally tends to decrease as the latex solid/water
ratio increases [28].
5.3. Permeability
Fig. 21 shows the effect of different doses of SBR-1 on water
penetration depth at different slump values and cement content
of 450 kg/m3. The ﬁgure clearly demonstrates that as the slump
value increases the water penetration depth increases for mod-
iﬁed and unmodiﬁed concrete. The water penetration depth de-
creases by the use of SBR-1 latex as compared with the
unmodiﬁed concrete. As an example, the 90-day water penetra-
tion depth decreases by 72% and 84% due to the use of 10%
and 20% SBR-1 at different values of slump (2, 8 and 20 cm).
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Figure 24 Effect of SBR-1 latex dose on drying shrinkage strain with ages for concrete with different water cement ratios and cement
content of 350 kg/m3.
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tion depth and SBR solid/water ratio for concrete with different
cement contents and different SBR doses. It can be noticed, that
the water penetration depth decreases as SBR solid/water ratio
increases. As an example, water penetration depth decreases by
73% as SBR concentration increases from 0.05 to 0.30.
From general prospective, latex modiﬁed mortar and con-
crete show a noticeable decrease in the water permeability
and absorption [11,29]. This good behavior of latex cement
co-matrix is a result for pore sealing phenomenon; the latex
particles coalesces on the wall of cement mixture pores, cement
and aggregates particles surfaces after the withdrawal of waterby cement hydration process to seal this pores and prevents co-
matrix to absorb high amount of water [6,26,30]. The efﬁciency
of this property depends on the latex layer thickness. So the la-
tex dose and latex solid/water ratio has a very signiﬁcant effect
on co-matrix water permeability, because the increase of latex
amount leads to an improvement in the sealing property of la-
tex network [31,32].
5.4. Drying shrinkage
Fig. 23 shows the relation between 520-day drying shrinkage
strain and SBR-1 solid/water ratio at different cement content
96 A.M. Diab et al.and different SBR doses. It can be noticed, that the drying
shrinkage strain decreases as SBR solid/water ratio increases.
As an example, 520-day drying shrinkage strain decreases by
12.4% as SBR concentration increased from 0.10 to 0.23.
Drying shrinkage is generated by retreating water ﬁlms
along the walls of capillary and gel pores [1]. In this way, the
negative capillary pressure causes the cement matrix to shrink.
Ohama mentioned that the decreasing of drying shrinkage
strain in latex cement co-matrix is according to the presence
of latex network as an assistant factor to the cement matrix
[2]. In this case, the addition of latex to cement matrix has dou-
ble effect on drying shrinkage strain decreasing, the ﬁrst is the
increasing number of small sized pores, and so the area of pore
walls increases as well, lowering the total capillary pressure in
the system during retreat of the water ﬁlm. The second effect is
the sealing property of latex which preventing the water con-
tent of cement matrix to evaporate [28,33]. As shown in
Fig. 24, generally the drying shrinkage strain of concrete spec-
imens decreases considerably due to the use of 10 and 20%
SBR-1 at the same water cement ratio specially at water ce-
ment ratio higher than 0.40.
As an example, at the addition of 10% latex, the 520 day-
drying shrinkage strain of modiﬁed concrete specimens de-
creases by 46.0% at water cement ratio of 0.45, while the
520 day-drying shrinkage strain of modiﬁed concrete speci-
mens decreases by 51.0% at water cement ratio of 0.475. At
the use of 20% latex, the subject strain decreases by 54.0%
at 0.45 of water cement ratio while at higher w/c (0.475) higher
reduction may be noticeable (58.0%).
5.5. General discussion
From general prospective, latex modiﬁed concrete shows a
noticeable increase in the compressive, ﬂexural, and bond
strengths as compared with unmodiﬁed concrete at compara-
ble slump [2]. In fact, the addition of latex has a double effect
on the co-matrix strength at the same slump. The ﬁrst effect is
the presence of latex membranes in pore structure of co-matrix
to increase its general performance [9], while the second effect
is reducing the water content required to attain similar work-
ability [14]. This effect is due to the presence of the super plas-
ticizing agents on latex surfactants. These effects leads to an
increase in the strength of cement paste itself and the reinforce-
ment of latex membranes. The differences between the behav-
ior of using high doses latex in the current research and that
reported by Ohama [26], as shown in Fig. 12, may be due to
the differences of latex industry.
The irregular trend of latex addition on modiﬁed concrete
compressive strength can be explained with the help of calcium
hydroxide content results. The decrease of cement matrix
strength itself as the latex dose increases can be attributed to
the reduction of calcium hydroxide content that is associated
with the increase in the dose of latex. This conclusion may
be useful to explain the increase in modiﬁed concrete compres-
sive strength as the latex dose increases until 0.23 latex solid
water ratio, while at the higher latex solid/water ratio, the de-
crease of modiﬁed concrete compressive strength as the latex
dose increases may be due to the great decrease in the cement
matrix strength itself.
The previous trend turns to a logical trend at the effect of
latex dose in the modiﬁed concrete ﬂexure and pull outstrength. The ﬂexure and pull out strength increases as the la-
tex solid water ratio increases. This improvement in modiﬁed
concrete behavior tends to the high tensile and adhesion
strength of latex network. The presence of latex network mem-
branes work as reinforcement in cement paste which develop
the tensile strength of modiﬁed concrete, while the high adhe-
sion of latex network increase the bond strength between ce-
ment paste and steel.
The increasing of ambient temperature affects the perfor-
mance of latex modiﬁed mortar because latex has two ther-
mal stages; in the ﬁrst stage up to 105 C it turns to the
liquid state at 60 C approximately. When the latex temper-
ature is raised to 105 C, the liquid of latex starts to loss its
viscosity, and begins to burn at 210 C approximately.
According to these stages, at thermal curing of 60 and
105 C, the results show a noticeable development in cube
compressive strength of modiﬁed mortar. In the contrary
at 220 C, the results show high decrease in mortar strength
due to the latex burning.
The low modulus of elasticity of latex has a great effect on
that of modiﬁed concrete elasticity. The resultant of latex pres-
ence has shown a great development in concrete elasticity. This
effect has been shown in Figs. 18–20). It is evident that the elas-
ticity of modiﬁed concrete increases as the latex dose increases.
The isolation property of latex has a great effect on water
penetration depth on concrete. The presence of latex has a uni-
form trend on the decrease of mortar water absorption and
water penetration on concrete. X-ray test results approved that
the sealing property of latex cement co-matrix is not only by
the direct effect of latex addition but also the latex modiﬁca-
tion has an additional advantage by increasing the amount
of impermeable ettringite layer [32].
Dry shrinkage is generated by retreating water ﬁlms along
the walls of capillary and gel pores [1]. In this way, the negative
capillary pressure causes the cement matrix to shrink. It can be
noticed from Fig. 23 and 24 that, the drying shrinkage of latex
modiﬁed mortar and concrete decreases as the latex solid/water
ratio increases. In this case, the addition of latex to cement ma-
trix has double effect on dry shrinkage strain decreasing. The
ﬁrst effect is due to the increasing number of small sized pores,
and so the area of pore walls increases as well, lowering the to-
tal capillary pressure in the system during retreat of the water
ﬁlm. The second effect is the sealing property of latex which
preventing the water content of cement matrix to evaporate
[31,33]. Based on the results obtained herein, it is strongly be-
lieved that the presence of latex improves the general properties
of concrete. A SBR solid/water ratio of0.2 is promising.6. Conclusions
Based on the experimental investigation reported herein, the
following conclusions can be drawn:
1. The increase of latex concentration has a tremendous
effect on modiﬁed co-matrix structure and its mechani-
cal properties.
2. In spite of using different cement contents, sources of
SBR, w/c ratios and attained slump values, the solid of
latex/water ratio is a dominant factor that considerably
affects different properties of mortars or concrete.
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hydration degree, ettringite and calcium hydroxide con-
tents developed as well as the water absorption are
pronounced.
4. Results of experiments on cement paste indicate that the
degree of cement hydration considerably decreases with
the increase of SBR solid/water ratio up to a limit of 0.2;
however it almost remains comparable thereafter. In
fact, under wet curing condition this limit of 0.20 goes
down to 0.10. This ﬁnding implies that wet curing pro-
cess is imperative for latex modiﬁed concrete.
5. Results of X-ray diffraction tests explore that the devel-
oped ettringite contents increases with the increase in the
latex solid content. Higher ettringite is associated with
wet curing process. The developed calcium hydroxide
content showed different trend. Based on experiment
evidences, the calcium hydroxide content decreases with
the increase in SBR solid/water ratio.
6. Based on experimental evidences, it may be concluded
that the compressive strength of modiﬁed concrete is
improved with the increase in SBR solid/water cement
ratio up to a limit of 0.20.
7. The ﬂexural strength of latex modiﬁed concrete increases
as SBR solid/water ratio increases.
8. The ductility of latex cement co-matrix increases as the
latex concentration increases, while the co-matrix mod-
ulus of elasticity decreases as latex solid/water ratio
increases.
9. The steel bond strength evaluated by the pullout strength
test increases as SBR solid/water ratio increases.
10. At comparable w/c ratio, the water permeability and
absorption of concrete decreases as the latex solid/water
ratio increases.
11. Results emphasize the beneﬁcial effect of SBR latex in
reducing the drying shrinkage of concrete. In fact, even
modiﬁed latex concrete with only 10% latex certainly
attains considerably less drying shrinkage than that of
unmodiﬁed concrete. This ﬁnding is of great importance
in the area of concrete construction and may be so help-
ful for consultant, contractor and concrete batch plant
to eliminate cracking of green concrete.
12. The drying shrinkage strain of latex modiﬁed co-matrix
decreases as the latex concentration increases.Acknowledgment
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